sinus and hence prevents cortical venous drainage and venous reflex. However, it is difficult to preserve the patency of the dural sinus in complicated DAVFs, due to its deconstructive nature and the difficulty in clearly identifying the fistulous sinus. We introduce and describe the technical details of a new reconstructive technique, the Onyx tunnel, in which transvenous balloon-assisted Onyx embolization is used to treat an extensive DAVF of the left TSS.
Illustrative Case
A 43-year-old woman presented with a long-standing history of left pulsatile tinnitus. MRI of the patient's brain revealed a DAVF of the left TSS, with multiple transosseous arterial feeders and cerebellar cortical venous reflux (Fig. 1A) . Endovascular treatment for her DAVF was considered and performed based on imaging findings revealing cortical venous reflux as well as the patient's symptoms of persistent tinnitus. Digital subtraction angiography (DSA) demonstrated the presence of multiple arterial feeders into the left TSS from both the intracranial and extracranial circulations. DSA of the left external carotid artery demonstrated arterial feeders of the middle meningeal artery, recurrent meningeal artery, posterior auricular artery, scalp branches of the superficial temporal artery, and multiple transosseous branches of the left occipital artery (Fig. 1B) . Additional arterial feeders were found in the tentorial branches of the meningohypophyseal trunk from the left internal carotid artery and the posterior meningeal artery from the left vertebral artery (VA) (Fig. 1C and D) . DSA of the left VA revealed a cutoff sign, or steal phenomenon, in which the fistula was stealing blood flow from the VA, preventing sufficient blood flow to the distal segment of the VA (Fig. 1D ). There were additional arterial feeders from branches of the right external carotid artery. The venous phase of the DSA revealed anterograde drainage into the left TSS and retrograde venous reflux involving both the superficial and deep venous structures, the vein of Labbé, superior petrosal sinus, deep medullary veins, basal vein of Rosenthal, and several cortical veins (Fig. 1E ).
Treatment and Technique
Informed consent for the procedure was obtained. The patient was placed supine after induction of general anesthesia. The right common femoral artery was punctured, and a 5-Fr diagnostic catheter was used for the angiography. The left common femoral vein was punctured, and an 8-Fr guiding catheter was advanced into the left internal jugular vein. We have used the term "proximal" to describe positions close to the guiding catheter in the inter- nal jugular vein, and "distal" to describe positions distant from the guiding catheter in the internal jugular vein.
The first microcatheter, an Excelsior-10 (Stryker Neurovascular), was navigated into the TSS via the left internal jugular vein. After 2 coils (8 × 27-mm and 7 × 24-mm Barricade coil system, Blockade) were deployed into the TSS, the Excelsior-10 microcatheter was placed in the left vein of Labbé to prevent its occlusion with Onyx infiltration. The second microcatheter (Marathon, Covidien Neurovascular) and a 7 × 7-mm HyperForm balloon (Covidien Neurovascular) were navigated to the distal end of the fistula in the transverse sinus ( Fig. 2A) . After the balloon was fully inflated, the Marathon microcatheter was kinked between the balloon and the wall of the TSS (Fig.  2B ). Onyx-18 was then carefully injected through the Marathon microcatheter (Fig. 2C ). As the inflated balloon was withdrawn toward the sigmoid sinus, injection of Onyx-18 was performed in a slow, stepwise, progressive manner at the periphery of the balloon (Fig. 2D ). The microcatheter that protected the vein of Labbé was removed after the Onyx covered the proximal segment of the TSS (Fig. 2E) . The balloon remained inflated and was advanced until the Onyx covered the entire TSS fistula (Fig. 2F) . Onyx reflux into multiple arterial feeders in a distal-to-proximal step-by-step manner was performed, resulting in the Onyx tunnel (Fig. 2G) . Final DSA of the left common carotid ar-
FIG. 2. Schematic description of the technique.
A: A 4 × 7-mm HyperForm balloon (blue) was navigated into the left vein of Labbé. A second 7 × 7-mm HyperForm balloon (red) and a microcatheter (white) were navigated to the distal end of the transverse sinus. B and C: Schematic (B) and digital subtraction angiogram (C) demonstrating an inflated balloon in the transverse sinus (red in B, black arrow in C). The microcatheter (white in B, white arrow in C) was placed between the inflated balloon and the wall of the TSS. D: Onyx-18 (black) was then carefully injected using the microcatheter (white). E: As the inflated balloon (red) was withdrawn to the sigmoid sinus, very slow and careful injection of Onyx-18 (black) was performed in a stepwise progressive manner. F: Meanwhile, the first balloon (blue) was inflated to prevent occlusion of the vein of Labbé from Onyx infiltration. G: The first balloon was removed once the Onyx tunnel (black) was constructed around the sinus wall proximal to the vein of Labbé. H: The second balloon (red) was advanced in a distal-to-proximal manner until the Onyx (black) covered the entirety of the fistulas of the TSS. tery revealed complete obliteration of the DAVF (Fig. 3A  and B) and patency of the TSS during the delayed venous phase (Fig. 3C) . The bilateral femoral puncture sites were closed using Angioseal (St. Jude Medical). No antiplatelet agents were necessary before or after the procedure.
Outcome and Follow-Up
The patient recovered in the neurointensive care unit and was discharged on the 2nd postoperative day, with complete resolution of her symptoms. DSA of the left common carotid artery during her 6-month follow-up revealed complete obliteration of the DAVF (Fig. 4A and B) and patency of the left TSS (Fig. 4C) .
Discussion
In this Onyx tunnel technique, we took advantage of the structural properties of an intracranial-compliant balloon and the chemical properties of a liquid embolic material. The balloon was flexible, providing navigability into the tortuous intracranial vessels while also occupying the central lumen of the TSS. This provided scaffolding for the formation of an Onyx tunnel while also providing counterpressure against the dural arteries during Onyx injection. The liquid embolic material used in this case was particularly useful, given its nonadhesive nature. When injected, the outer polymer precipitates, while the core remains liquid and does not fragment. This allows longer, slower, intermittent, controlled injections, facilitating the safe embolization of a DAVF and thus resulting in a high success rate. 4, 5, 16 Therefore, by using a balloon to secure the Onyx against the normal sinus wall, we were able to create a 360° tunnel against the TSS wall.
A thorough understanding of the venous channel architecture is essential for successful treatment of DAVFs of the TSS. If the fistulous segment of the venous sinus is clearly identified, selective transvenous embolization of the fistulous sinus is possible without occluding the normal dural sinus. 12 However, in cases of complicated DAVFs, it might be difficult to identify the entire diseased segment of the sinus to provide complete embolization. Even if the segment is clearly identified, complete embolization may not be achieved. In such cases, combined treatment options have been recommended, including transarterial endovascular treatment followed by microsurgery or radiosurgery; however, this combined approach may still not guarantee an easy, safe, or complete treatment. 2, 7, 8, 12, 15 Several endovascular techniques have been introduced to treat complicated DAVFs. 14 Choi et al. reported the first reconstructive transvenous treatment using a stent graft for a DAVF of the transverse sinus in a patient with hypoplasia of the contralateral venous sinuses.
3 Stenting provided the needed patency of the dural sinus and was successful because the fistulous segment did not involve the vein of Labbé or other large, dependent venous vasculature. However, in cases of large draining vessels involving the fistulous sinus, as in our case with the vein of Labbé, stenting may not be applicable, as occlusion of a large draining vein may preclude to a venous stroke or hemorrhage.
The transarterial approach for endovascular treatment may also be used to treat complicated DAVFs. Liquid embolic material is used to occlude arterial feeders as it allows better control and more accurate injection than the transvenous approach. Transvenous balloon-assisted transarterial injection techniques with Onyx embolization have been used with success. 11, 18 However, the transarterial approach does have limitations for large and complex DAVFs. Inadvertent embolization may occur and result in iatrogenic ischemia. In addition, not every arterial feeder can be selected using a microcatheter due to the increased tortuosity of the arterial feeders, the number of arterial feeders, and the small diameter of the arterial feeders.
5,10
Finally, not all arterial feeders may be visible on angiography. In our case, we introduce yet another technique, an Onyx tunnel, which may provide an additional treatment option to overcome complicated DAVFs of the TSS while maintaining patency of the diseased sinus and essential draining veins.
To perform the technique used in our case, there are several points to consider. First, it is difficult to achieve an end-on view or a down-barrel view to confirm the patency of the TSS because the TSS is a long and tortuous channel, limiting the view range of the angiography machine. Thus, we did not deflate the balloon while injecting the Onyx. Second, it may be beneficial to use a longer and larger balloon, such as the Copernic RC balloon (Balt), as it may facilitate embolization, increase the likelihood of a complete cure, reduce the risk when advancing the inflated balloon through the TSS, and serve as an alter- native to the initial confirmation of TSS patency. Third, the microcatheter used for the Onyx injection (e.g., the Marathon in the present case) should not be placed distal to the balloon catheter because the transverse sinus might be occluded by the Onyx. This is avoided by placing the microcatheter in the middle of the inflated balloon, and the initial Onyx injected forms a natural plug at the distal end of the balloon. Fourth, it is important to know when to withdraw the microcatheter protecting the vein of Labbé. The balloon protecting the vein of Labbé will need to be removed either when the Onyx tunnel proximal to the vein of Labbé has been sufficiently reconstructed or when the Onyx begins to fill the vein of Labbé. However, protecting the vein may not always be necessary because it may not be needed for normal venous drainage. However, it is essential to preserve functionally dependent veins or sinuses with normal venous drainage to present venous infarction or hemorrhage. Using an additional balloon and knowledge of when to remove the microcatheter may help prevent this complication. Fifth, given the large size of the venous sinus, we did not believe it was necessary to use antiplatelet medications. Aspirin or other single-agent antiplatelet medications could be considered to decrease the risk of thrombosis, although thrombosis did not occur in an acute or delayed fashion.
Although balloon-assisted Onyx embolization via a transarterial and transvenous route has been established, the Onyx tunnel technique offers an opportunity to preserve the sinus while providing complete embolization of the DAVF. However, this has been limited to a single case experience. Future modifications with different-sized balloons or microcatheters may be used to treat DAVFs on a case-by-case basis.
Conclusions
Reconstructive transvenous balloon-assisted Onyx embolization, the Onyx tunnel technique, may be an effective treatment option for large, complex DAVFs of the TSS. We present a case in which this technique was introduced to successfully obliterate the fistula while maintaining vessel patency of the essential draining veins. A transvenous, sinus reconstructive Onyx tunnel technique may provide another option for the complete obliteration of a DAVF. 
